We have sampled the wavelength dependence of interstellar extinction in the Galactic plane for 1.25µm ≤ λ ≤ 8.0µm along two lines of sight: l = 42 • and l = 284 • . The first is a relatively quiescent and unremarkable region; the second contains the giant H II region RCW 49 as well as a "field" region unrelated to the cluster and nebulosity. Areas near these Galactic longitudes were imaged at J, H, and K bands by 2MASS and at 3-8µm by Spitzer for the GLIMPSE Legacy program. The mean values of the color excess ratio (A K -A λ )/(A H -A K ) are measured directly from the color distributions of observed stars. Two different assumptions for A H /A K lead to slightly different values of the wavelength dependent relative extinction A λ /A K for λ > 2.2µm. The key aspect of our extinction wavelength dependence is a flattening across the 2-8µm wavelength range -consistent with the Lutz et al. (1996) extinction measurements, derived for the sightline toward the Galactic center. Ours show less scatter with wavelength and much smaller uncertainties. For dereddening Spitzer observations in the Galactic plane, we recommend and tabulate the average of the relative extinctions A λ /A K along the two sight lines involving field stars. The wavelength dependence of extinction in the RCW 49 region is slightly, but significantly, different from the quiescent "field" regions.
Introduction
Extinction by interstellar dust affects most astronomical observations. The wavelength dependence of interstellar extinction has been studied extensively, but is not well-understood in the 3-9µm region (Draine 2003) . The InfraRed Array Camera (IRAC; Fazio et al. 2004 ) on board the Spitzer Space Telescope is in the process of vastly increasing the number of observations in this wavelength region. Understanding the effects of dust on these observations is important.
The interstellar extinction curve A λ is commonly treated as "universal" in the infrared because it apparently varies far less between different sightlines than does extinction in the optical and ultraviolet. Many authors have concluded that A λ is a power-law (A λ ∝ λ −β ) between ∼1µm and ∼4µm. Martin & Whittet (1990) found β=1.8 in the diffuse interstellar medium (ISM) as well as the outer regions of the ρ Oph and Tr 14/16 clouds. Other authors have fitted values between 1.6 and 1.8 (Draine 2003) . A value of β=1.8 implies E J−H /E H−K =(A J -A H )/(A H -A K )=1.7. Deep surveys of specific dark clouds in the JHK bands have revealed significantly different color ratios, ranging from E J−H /E H−K =1.47±0.06 for luminous southern stars (He, Whittet, Kilkenny, & Spencer Jones 1995) to 2.08±0.03 in the Coalsack (Racca, Gómez, & Kenyon 2002, and refs. therein) . At wavelengths approaching 9.7µm, A λ is dominated by an absorption feature attributed to the Si-O stretching mode of interstellar silicates. There is uncertainty in the wavelength dependence of interstellar extinction between the power-law regime at 1-2µm and the discrete Si feature. Observations of H 2 rovibrational lines in Orion (Bertoldi et al. 1999; Rosenthal, Bertoldi, & Drapatz 2000) are consistent with continuation of the power-law to ∼ < 4µm, but their errors are too large to constrain the extinction at longer wavelengths. Infrared Space Observatory (ISO) observations of H recombination lines by Lutz et al. (1996) towards the Galactic center show a flattening of A λ in the region 3µm ∼ < λ ∼ <9µm.
The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE; see Benjamin et al. 2003 ), a Spitzer Legacy program, uses IRAC to obtain photometric images of the inner Galactic plane in four filters ([3.6], [4.5], [5.8] , and [8.0]µm) simultaneously. By combining stellar photometry of the GLIMPSE images with the 2MASS 1 point source catalog, we can estimate A λ in the nearinfrared (NIR), defined in this paper as the wavelengths from J (1.24µm) 2 through the IRAC 8.0µm filter.
We describe the data and their basic reduction in §2, and our method of measuring color excess ratios E K−[λ] /E H−K in §3. Section 4 discusses the conversion of these colors to A λ , and issues related to interpretation. In §5 we summarize and tabulate our recommended relative extinction values for the GLIMPSE/IRAC bands.
Photometry of GLIMPSE data
This paper uses stellar photometry in the Galactic plane obtained from two subsets of GLIMPSE data. The first dataset (Figure 1 ), 0. • 33×1. • 72 centered on (l, b)=(42 • , 0.5 • ), was obtained during In-Orbit Checkout (IOC; October 2003, PID 631). The imaged region is a fairly unremarkable part of the Galactic plane. The second dataset (Figure 2 ), 283.9 • ≤ l ≤ 284.5 • and -1.3 • ≤ b ≤ 0.7 • , was obtained for the purposes of Observing Strategy Validation (OSV; December 2003, PID 195) . The region contains the giant H II region RCW 49 and its associated massive cluster (Churchwell et al. 2004 , and references therein).
Basic reduction of IRAC images was performed by the Spitzer Science Center (SSC) Pipeline (ver. 8.9.0 at l = 42 • and ver. 9.0.1 at l = 284 • ). Positional accuracies are better than 1 ′′ (Werner et al. 2004) . Point source full-width-half-max resolution of IRAC data ranges from ≃1.6 ′′ at [3.6] to ≃1.9 ′′ at [8.0]. The data were further processed by the GLIMPSE pipeline (Benjamin et al. 2003) . Point sources were found and fluxes extracted from each frame using a version of DAOPHOT (Stetson 1987) , modified to be more robust in regions of rapidly varying high background (Babler et al., in preparation) . To calculate stellar colors, we adopt zero magnitude flux densities of 277.5, 179.5, 116.6, and 63.1 Jy at the SSC-provided isophotal wavelengths of 3.535, 4.502, 5.650, and 7.735µm for the four IRAC bands. For this present study, we culled the catalog to include only those sources with signal-to-noise greater than 10 in each band. The magnitude to which stars are well-measured in all bands is limited by the [5.8] and [8.0] bands which contain high diffuse backgrounds (the calculated error for flux density is higher if the local background is higher). At the limiting magnitude of 12.5, photometric uncertainties are less than 0.08, 0.09, 0.12, and 0.14 mag in the [3.6], [4.5], [5.8] , and [8.0] bands, respectively. If we only require detections at wavelengths <5µm (e.g. for measuring the extinction at [4.5]), then we can include sources as faint as 14 mag at [3.6] and [4.5], with photometric uncertainties <0.15 mag. The flux calibration was checked by comparing extracted fluxes with modeled fluxes for five early A-type dwarf stars -these agreed to within 7% for all IRAC bands (Cohen et al. 2003; Kurucz 1993) . Detections in different images were merged (cross-identified), and sources were additionally merged with the 2MASS point source catalog. Tests of bandmerging in crowded fields using synthetic data show that fewer than 0.5% of sources are falsely identified down to the flux limits used in this work.
The data segment at l = 42 • was imaged before the telescope was fully focused. The point source function (PSF) is thus different from that in most IRAC data, but we do not expect the precision of our photometry to suffer since in the GLIMPSE pipeline, the PSF is constructed for each epoch of data collection. We did not assess the flux calibration independently for the IOC data as we did for the OSV data, but we do not see any gross errors, nor do we expect any, because the standard Spitzer calibration strategy was determined before launch. Results in this paper are derived from relative colors, which are insensitive to zero-point issues in the photometry. The region near the giant H II region RCW 49 is marked with a circle, and the "field" region away from nebulosity, star formation, and significant CO emission (Dame, Hartmann, & Thaddeus 2001) is marked with a square. Analysis of the rest of the field yields results consistent with those discussed here.
Measurement of Extinction
We are interested in measuring the wavelength dependence of interstellar extinction from GLIMPSE stellar photometry with the minimum number of assumptions. The simplest method, in our opinion, is to assume that for an arbitrary selection of stars, the intrinsic color distributions in the IRAC bands are fairly narrow and do not change with reddening. Although some AGB stars have intrinsic colors as red as 2-3 magnitudes, a flux-limited selection of field stars will be dominated by main sequence and giant stars with colors in the 1.25-8µm wavelength range within 0.5 magnitudes of zero (synthesized from the 2-35µm spectra of Cohen 1993) . Extinction in the Galactic plane spreads this intrinsically tight distribution along a line in color-color space, as illustrated in Figure 3 . If one plots colors m K − m [λ] versus m H − m K , the slope of the source distribution is the color excess ratio, defined as
In each region for which the wavelength dependence of interstellar extinction is to be measured, we fitted a line to the stellar colors (m K − m [λ] )/(m H − m K ), using a linear regression weighted by uncertainties in both axes. Extremely red sources
were excluded -these sources likely have nonphotospheric emission from circumstellar dust. The results are not sensitive to moderate changes in this arbitrary cutoff. Selecting these outlier sources for exclusion based on JHK data alone does not identify all sources with circumstellar dust emission. These outliers must be excluded from measurement of interstellar dust extinction, because the dust emission has a different wavelength dependence and appears as nonphysical extra extinction. Some highly evolved stars can also fall in the excluded region because of absorption bands in their atmospheres. Figure 4 shows the measured color excess ratio E [λ]−K /E H−K plotted as a function of λ −1 for the RCW 49 giant H II region, the nearby field near l = 284 • , and the field near l = 42 • . The plotted values for RCW 49 are listed in Table 1 , along with the average of the two field measurements. There is good agreement among the excess ratios measured in all three regions. Measurements in the two "field" regions agree particularly well although the data are from two very different directions in the Galactic plane. More extensive interpretation is possible after conversion of the measured color excess ratios into relative extinction A λ /A K , as discussed in the next section.
An alternative method for measuring the color excess ratios due to interstellar extinction that is not dependent on the intrinsic stellar color distribution is described by Kenyon, Lada, & Barsony (1998) . The method consists of comparing a selection of stars presumed to be mostly behind an extincting cloud with a selection of stars not extincted by the cloud ("off-cloud"). Instead of plotting colors (e.g., m H − m K ), one plots all possible color differences
cloud" stars and j indexes all "off-cloud" stars). If the stellar color distributions are statistically the same in the two samples, the color difference plot is a tight distribution extended along the extinction vector. As before, the slope of that distribution is the color excess ratio E K−[λ] /E H−K . We calculated the wavelength dependence of extinction from GLIMPSE and 2MASS data using the RCW 49 region as "cloud" and the region away from the H II region to the north as "off-cloud." The results (E [λ]−K /E H−K = 3.10±0.06, 1.00, 0.00, -0.884±0.02, -0.93±0.03, -1.10±0.06, and -1.04±0.08 for J,H,K,[3.6],[4.5], [5.8] , and [8.0], respectively) are the same within the line-fitting uncertainties to the simpler method described above and listed in Table 1 .
The wavelength dependence of interstellar extinction A λ

Normalization
The measurements shown in Figure 4 are ratios of color excesses, or differences of extinctions. Determining absolute extinction, A λ , requires knowing extinctions themselves, therefore we must independently determine one extinction ratio. Only one absolute extinction is certain: Figure 4 to λ −1 = 0 by inspection, since grain opacities are strong functions of λ −1 . This is particularly true in the wavelength range 10-50µm that contains the resonance absorption features of silicates peaking at 9.7 and 18µm, with detailed profiles that are difficult to determine (Mathis 1998) . We instead base a normalization on the JHK wavelength range, where the nature of interstellar extinction appears to be most universal (Martin & Whittet 1990 , and §1).
In the JHK wavelength range, we assume A λ ∝ λ −β , with β similar to the index for the diffuse ISM extinction. The one extinction ratio required to convert color excess ratios into relative extinction A λ /A K is then calculated using that power-law. This normalization can be applied either between H and K or between J and K. The former (A H /A K normalization) is the simpler algebraic choice; if we assume A H /A K , then we find A λ /A K by
Relative extinction values follow directly from the data plotted in Fig. 4 . One choice of A H /A K is [λ(H)/λ(K)] −1.8 =1.60, as suggested by Martin & Whittet (1990) . If the exponent β is 1.63, as measured by Rieke & Lebofsky (1985) , then A H /A K =1.53.
The narrow range of measured power-law indices quoted for ∼1-3µm implies a narrow range of the near-infrared color excess ratio E J−H /E H−K . A value of β=1.6 implies E J−H /E H−K =1.78, and β=1.8 implies E J−H /E H−K =1.88. Measurements of E J−H /E H−K in different environments, however, range from 1.5 to 2.0 (He, Whittet, Kilkenny, & Spencer Jones 1995; Racca, Gómez, & Kenyon 2002) , demonstrating variation of the curvature of the interstellar extinction curve at JHK (and deviation from an exact power-law). The value of E J−H /E H−K measured using 2MASS data in our GLIMPSE regions is on the high end, 2.0±0.2 along the different sightlines.
There are no strong constraints, either observational or theoretical, on how the value of A H /A K varies among regions of differing E J−H /E H−K . We will explore the sensitivity of our derived A λ /A K to A H /A K by means of two reasonable assumptions; (a) A H /A K is 1.60, applying the power law (β=1.8) between H and K, and (b) A J /A K (rather than A H /A K ) is given by the power law (β=1.8). The latter behavior might be suggested by Figure 4 in Draine (2003) , in which a model by Weingartner & Draine (2001) with R V =5.5 has A J /A K similar to the same quantity for a model with R V =3.1, but a larger E J−H /E H−K because A H /A K is smaller. The measured E J−H /E H−K for a given sightline or dataset (such as the GLIMPSE data) can then be used to calculate the A H /A K :
We find below that there is little difference in A λ /A K derived from the two ways of estimating A H /A K . Figure 5 shows the derived A λ /A K for A J /A K normalization (i.e., calculating A H /A K from E J−H /E H−K ) for the field stars at l = 284 • (solid diamonds), for l = 42 • (empty diamonds), and for the dust surrounding RCW 49 (solid circles). The 1-σ uncertainties are plotted using only uncertainties in the GLIMPSE photometry and linear regression. There is good agreement between the three determinations of A λ . The values calculated in the two "field" regions, although in two very different directions in the Galactic plane, agree especially well. The relative extinction near RCW 49 shows a slightly different behavior with wavelength from that in the field. Figure 5 shows that these changes are ∼ < the sizes of the error bars, so the choice of A H /A K in equation 1 is not a limitation.
A simple fit to the average A λ /A K in the two field regions is given by log [A λ /A K ] = 0.65(±0.02) − 2.44(±0.05) log(λ) + 1.46(±0.05)(log(λ)) 2 ,
where λ is in µm. The best fit for RCW 49 replaces the three coefficients with 0.67, -2.43, and 1.27, showing the slight difference in the extinction (the simple power-law extinction curve with β=1.8 has coefficients of 0.60, -1.8, and 0.0). The solid and dot-dashed lines in Figure 5 show the fits for the field and RCW 49.
The E [λ]−K /E H−K and averaged A λ /A K for the two field regions and for RCW 49 are given in Table 1 , along with propagated uncertainties. The uncertainties in E [λ]−K /E H−K are those associated with varying the precise region of the sky, the region in color space excluded (see Fig. 3 ), and the formal error of the regression, in order of decreasing importance. These are propagated to uncertainties in A λ /A K , assuming A J /A K is 2.73, the diffuse ISM value of Martin & Whittet (1990) . If A H /A K had been assumed instead, all A λ /A K would be lowered by ∼ <60% of the errors quoted in the Table. For historical reasons, the standard extinction parameter is usually taken to be A V , and our extinction measurements are presented as A λ /A K . In contrast to NIR extinction, optical extinction (λ < 1µm) is known to vary significantly among sightlines (Cardelli et al. 1989; Fitzpatrick 1999) ;
In the first panel, symbols show the derived relative extinction values for RCW 49 (solid circles), the field near l = 284 • (solid diamonds), and the field near l = 42 • (empty diamonds). The empty and solid diamonds coincide at λ=3.5µm. The lines show fits (see text for equation) to the mean field (solid) and RCW 49 (dot-dashed). In the second panel, the measurements of Lutz et al. (1996) have been added (squares with error bars), as well as theoretical curves from Weingartner & Draine (2001) for R V =5.5 (their case "A" dashed, their case "B" dotted). the variation is well-characterized by a single parameter,
The variation of A V /A K is beyond the scope of this paper, but A V /A K ∼8.8 for R V =3.1 and ∼7.5 for R V =5 (Cardelli et al. 1989) . In general, the lack of variation of the extinction curve throughout the NIR among various environments (in comparison to its strong dependence on R V in the optical/ultraviolet) suggests that it may not be possible to estimate A V /A K from NIR observations alone.
Comparison with previous measurements and theory
Previous measurements of the wavelength and spatial dependence of interstellar extinction in this wavelength regime differ. Lutz et al. (1996) observed the Galactic Center with the Short Wavelength Spectrometer on the Infrared Space Observatory (ISO) in the interval 2.4-45µm, using recombination lines of hydrogen to provide intrinsic flux ratios. Figure 5 shows that the Lutz et al. (1996) values are very similar to those presented in this work but show more scatter. Note that if our points were normalized with A H /A K , they would lie slightly below our currently plotted values (δ(A λ /A K )∼0.03). This is farther from most of the Lutz et al. (1996) values and still not consistent with a power-law. A pure power-law extinction curve in the "field" is rejected by >5σ at 6µm.
Comparison of our measurements with the Lutz et al. (1996) points is interesting because of the large differences in method and sightlines. Their measurements pertain to the line of sight to the Galactic center, while our l = 42 • sightline probes only the outer 30% of that galactocentric distance and l = 284 • is confined to approximately the solar circle. The path to the Galactic center contains A V ∼ 5 − 10 magnitudes of extinction from molecular clouds (which may exhibit different extinction than the diffuse ISM; see discussion and references in Whittet et al. 1997 ), out of a total A V ∼ 25 magnitudes. The molecular fraction of the ISM in our regions is at present unknown at adequate spatial resolution; low-resolution 12 CO (Dame, Hartmann, & Thaddeus 2001) measurements suggest that only a few magnitudes of the observed A V ∼ 10 − 15 may be from molecular clouds. Finally, using nebular emission lines to provide the extinction assumes that the extinction is uniform over the 14 ′′ × 20 ′′ aperture of the ISO spectrometer, whereas using stellar photometry probes a pencil beam along each line of sight. Our measurements are consistent with Lutz et al. (1996) despite all of these differences in methodology and circumstance.
Modeling our measured wavelength dependence of interstellar extinction using assumptions regarding grain compositions and size distributions is beyond the scope of this paper. Measurements at infrared wavelengths provide tighter constraints on the large end of the particle size distribution than those obtained from optical extinction studies. Draine (2003) states that the Lutz et al. (1996) measurements are consistent with the Weingartner & Draine (2001) model "B" with R V =5.5, but other models are also possible.
Extinction at wavelengths shorter than 8µm can probably be attributed mainly to carbonaceous substances, but it is useful to estimate the extent to which the [8.0] IRAC band is affected by the silicate feature that peaks at 9.7µm. Most stars emit the peak of their emission far shortward of the IRAC wavelengths, and their emission in the Rayleigh-Jeans limit weights the filter response towards shorter effective wavelengths. The Spitzer Science Center-provided isophotal wavelength is 7.735µm, at which the silicate opacity is <10% of that at 9.7µm (e.g. Jaeger et al. 1994 Jaeger et al. , 1998 . The ISO spectra of heavily obscured objects in Gibb, Whittet, Boogert, & Tielens (2004) show 8µm fluxes that seem little affected by silicate absorption. Nevertheless, the filter is broad, and silicate absorption in the diffuse ISM appears consistent with a FWHM of 2.3µm, possibly wider in molecular clouds (Roche & Aitken 1984; Bowey, Adamson, & Whittet 1998) . Convolution of the IRAC filter profile with a source emitting a Rayleigh-Jeans spectrum and with a Gaussian absorption feature at 9.7µm shows that the silicate feature could have as much as a 20% effect on the filter flux. This may be reflected in the slight tendency of our interstellar extinction curve to turn upwards at long wavelengths. The effect of the silicate feature on the [5.8] IRAC band is negligible.
There seem to be significant differences in E J−H /E H−K in different environments, but they have little impact on the A λ /A K for the IRAC filters in our GLIMPSE regions. The similarities of the wavelength dependence of extinction for our two very different galactic longitudes and, to within larger errors, towards the Galactic center (Lutz et al. 1996) , is remarkable. This suggests an almost universal extinction law. Even towards the massive star-forming region RCW 49 the extinction is very similar to that observed in the "field" regions.
Conclusions
We have measured the wavelength dependence of interstellar extinction in the 1.25-8.0µm region by combining GLIMPSE and 2MASS observations. The values calculated for two very different directions in the Galactic plane are remarkably similar. Even near the giant H II region RCW 49, extinction is not dramatically different. It may be possible to study variations of extinction with Galactic longitude using the entire GLIMPSE survey, expected to be complete by early in the year 2005. Since the values of E J−H /E H−K in the Galactic plane are somewhat higher than at higher Galactic latitude, there may be differences in the extinction at IRAC wavelengths as well.
The similar derived behavior of the extinction along several different sightlines suggests that our relative extinction values A λ /A K may be generally applicable. We recommend that the "average field" measurements be used to correct GLIMPSE and other IRAC data in the Galactic plane. These values are provided in Table 1 , and the simple formula of Equation 3 provides an analytical fit of arbitrary functional form. As the volume of IRAC data grows in the near future, we look forward to better understanding interstellar dust throughout the universe.
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